NOMENCLATURE i n
Phase currents in natural frame abcde. i αβ , i xy Current components in α−β and x-y frames. Mechanical rotor speed. 
B
ECAUSE of their fault-tolerance and high power density, variable-speed drives based on 5-PMSMs are gaining importance in several very sensitive applications, such as automotive [1] , aerospace [2] , and ship and offshore turbine [3] . In these applications, the drive system is exposed to hard operating conditions. In addition to the natural aging process, these conditions may lead to several faults that are essentially related to the machines or the VSIs. The VSI system alone is considered as one of the most sensitive parts in the electromechanical conversion chain. Moreover, the power switches and the electronic control boards are also considered as the main sources of their failures [4] , [5] . Hence, aging and degradation result in short-circuit fault or open-circuit fault of the power switches. In this paper, only open-circuit fault is studied, considering that short-circuit, which usually cannot be tolerated, leads to open-circuit fault. Even if by principle a fault-tolerant multiphase drive can continue to work under fault conditions, impacts can be significant in terms of oversizing, induced torque ripples, and vibrations. Consequently, a postfault operation without reconfiguration can lead to severe secondary faults in the other parts of the system [6] . Therefore, fault detection is useful in order to adopt a control reconfiguration [7] , [8] .
Most addressed approaches for open-switch faults diagnosis concern classical three-phase machines. Their evaluation and classification have been addressed in [6] and [9] . The method proposed in this paper belongs to the family of the signal-based methods [9] and especially considering only current signals, as in [12] - [17] , [21] , and [22] . Methods based on voltage signals are not considered in this paper, since they require additional voltage sensors, as addressed in [10] and [11] , or observers development, as proposed in [18] - [20] .
In [14] and [15] , the diagnostic algorithms have been proposed for OSF in the case of sinusoidal 3-PMSM.
In order to detect the faulty switches, the average values of the current errors and/or the average absolute current values were used to formulate the diagnostic variables. However, it has been shown that the OSF occurrence in one inverter leg results in symmetrical fault current quantities across the two other healthy phases. This characteristic together with the accurate chosen diagnostic variables allowed a robust fault detection in these classical 3-systems. Unfortunately, these methods become inapplicable to the 5-PMSM due to the asymmetrical distribution of the fault current quantities in the healthy phases after the fault occurrence (these assertions are addressed in Section II-B). For 3-machines with nonsinusoidal back EMFs, the method proposed in [16] uses the current error value with additional variables to detect the OSF occurrence in the VSI. This method was applied to a 3-BLDC motor. However, it was based on the operating characteristics of these motor types with trapezoidal back EMFs and supplied by square phase currents. Consequently, this method is inapplicable to the 5-B-PMSM under study.
In [17] - [20] , the diagnostic methods have been accomplished based on model reference systems paralleled with the drive to generate residual signals having information on the fault occurrence in the VSI feeding 3-motors. Several estimator and observer types were used. To detect the fault, a directional residual evaluation was performed in natural frame abc as well as in α−β frame. Although they do not require extra hardware, the robustness and effectiveness of these methods depend on the accuracy of the estimation of the model parameters. In addition, if these approaches are used for 5-B-PMSM systems, they imply at least two dq-machine models with more electrical parameters in comparison with 3-systems. A large number of parameters may affect the robustness and increase the complexity and the computational effort.
The research works dedicated to the power switch fault diagnosis in multiphase drives are still very limited [21] , [22] . In [21] , the diagnostic algorithm is defined for a BLDC five-machine supplied by the first and third harmonics of currents. The proposed approach is based on an adaptive recursive less square identification of each measured current. Errors between the output of adaptive estimation and the one obtained by the model are used for detection. However, in addition to the parameters dependence, using an adaptive estimator for each phase greatly increases the computation time. In [23] and [24] , for almost sinusoidal five-phase machines, it is shown clearly, as in [22] , that the inverter fault induces a fault current component in the second plane instead of a near zero current component under a healthy operation of the VSI. Accordingly, the technique addressed in [22] for fault detection is successfully applied to these almost sinusoidal 5-PMSM (ρ ≤ 20%). However, when considering the 5-B-PMSM, the robustness of this technique is low because of the existence of the significant third harmonic current component used essentially to produce the torque, as illustrated in [25] and [26] (with ρ ≥ 50%).
This paper is based on Concordia-frame for the fault detection and Park-frame for the control. It addresses the problem of FDI in the case of biharmonic multiphase machines supplied normally with two significant current harmonics, and it is effective also for the sinusoidal multiphase machines. The proposed technique uses data available in the two α−β and xy planes. Using an innovative and particular algorithm, a 2-D fault vector is defined with fault variables and, when a fault appears, it describes, in an α f −β f fault reference plane defined only for fault diagnosis, a nonzero trajectory characterizing the fault in the VSI. Moreover, an original normalization procedure is also proposed to facilitate the fault diagnosis and to ensure the high immunity of the FDI process against transient states.
This paper is organized as follows. First, the current model under a healthy condition and the effects of open-switch and open-phase faults on the 5-B-PMSM are presented in Section II. Section III defines the primitive fault vector in natural frame. Section IV derives an accurate fault vector extraction method in α f −β f fault reference frame. The principle of the fault diagnosis is presented in Section V. Section VI provides the experimental results to confirm the effectiveness and robustness of the proposed FDI process.
II. FEATURES OF PREFAULT AND POSTFAULT OPERATION OF THE 5-B-PMSM
A schematic of the considered overall electrical drive system including the 5-leg VSI is shown in Fig. 1 . The analysis is performed, regarding the phase currents under healthy and faulty conditions of the VSI. The effects of inverter opencircuit faults are analyzed in natural frame abcde and in the orthogonal frames α−β and x-y. All results are obtained in closed-loop vector control with PI controllers working in dq-rotating frames.
A. Prefault Current Model
In natural frame abcde, the phase currents of 5-B-PMSM, i n (t), can be expressed as 
Substituting (4) and (5) into (2) and (3) results in the α−β and x-y axis currents as
Under a healthy operation of the VSI, the shapes built by the currents in α−β and x-y frames are two circles centered at the origin with a radius equal to the magnitude of the first harmonic component and the third harmonic component, respectively.
B. Postfault Current Analysis
In Fig. 2 , the spectrograms of the phase currents in three out of five windings of the 5-B-PMSM (only phases a, b, and c) are presented under healthy conditions and under an open-switch fault of transistor T1. The currents in the phases d and e can be deduced by symmetry considerations from the currents in the phases b and c. For a healthy operation mode, the harmonic content of phase current is well known and contains only the first and third harmonic components, as defined in (1) . On the contrary, the fault occurrence in transistor T1 results in several supplementary even harmonic components induced in all phase currents. Regarding the two healthy phase currents [phases b and c in Fig. 2(b) ], it can be observed that their harmonic contents are modified differently, since the variations of the magnitudes are not the same: an asymmetry appears between the remaining healthy phases. This means that the fault induces at least two different signals for a five-phase machine instead of one for a wye-coupled three-phase machine. In Fig. 3 , it is clearly shown that, in the case of the 5-PMSM, the current fault quantities Comparison of fault propagation way in classical three-phase machines and five-phase machines. across the healthy phases ( i b = i c ) are not the same in comparison with the classical three-phase system in which the fault quantity is symmetrically divided between the two healthy phases ( i b ∼ = i c ). It is the reason why a direct analysis in natural frame abcde, for diagnostic purposes, will be difficult. Hence, the particular behavior of the system under study must be considered for designing the FDI process. Now, when working with the 5-B-PMSM, there are two orthogonal frames which are available for the analysis instead of one for a 3-PMSM. Experimental results of the OSF and OPF effects analysis in α−β and x-y frames are shown in Figs. 4 and 5. In comparison with the healthy operation mode, after the fault occurrence, the shapes are no more circles and each fault induces different trajectories in both planes α−β and x-y. Unfortunately, in these frames, the obtained shapes are dominated by the fundamental harmonics that are used to produce the torque, resulting in more complexity and low robustness of the real-time FDI process. Nevertheless, a significant feature, for the system under study, is the fact that the first harmonic is decoupled from the third one. Consequently, there is no path of the third harmonic component in α−β frame. This allows the improvement of the diagnostic technique immunity against false alarms. On the other hand, the projected components, in α−β frame, cannot be used directly without preconditioning for real-time fault diagnosis of open-switch faults because of the mechanical load dependence due to the presence of the first harmonic component. Experimental results shown in Fig. 6 provide the dynamic behavior of the reference and measured phase currents during fault occurrence in the VSI. The considered fault scenario is an open-switch fault in the upper transistor T n . Considering the closed-loop vector control of the 5-B-PMSM, speed and current controllers cannot be able to achieve zero errors under fault conditions. This is due to the inability of the speed and current controllers to compensate the physical fault in the VSI resulting from the unbalanced faulty system. Consequently, the reference currents and the measured ones cannot have the same dynamic behavior after the fault occurrence, as reported in Fig. 6 . It is the reason why, as opposed to the classical diagnostic methods, the normalization step in the FDI process must be achieved independently to take into account the real-time dynamic of the system and improve the immunity against false alarms. Sections III and IV discuss the main steps to design a high-performance real-time FDI process with respect to the method's effectiveness, the robustness against transient states, and the independence of the fundamental current harmonic components and the electric drive parameters variation.
III. PRIMITIVE FAULT VECTOR DEFINITION
IN NATURAL FRAME As shown in Fig. 6 , for a healthy condition, reference and measured currents have the same dynamic behavior and are flowing in positive and negative directions. On the contrary, under an open-switch fault of T n , the fault occurrence limits the measured phase current i n_m to flow only in the negative direction during a half current period, since the positive wave of the current cannot be shaped. Here, it should be noticed that if the fault occurs in the lower transistor T n+5 , the negative wave of the measured current cannot be shaped. In this case, i n_m will present only a positive direction during half a current period. Regarding the reference phase current, it is observed that it is always flowing in positive and negative directions. Consequently, the primitive fault components in natural frame abcde can be defined as the residual quantities between the reference currents and the measured ones as follows:
where i n_m denotes the measured phase current, i nref are the reference phase currents (of the healthy mode), and
, respectively, associated with the phases (a, b, c, d, e) , are the fault current quantities corresponding to each phase of the 5-B-PMSM. In healthy mode, with vector control in rotating frames, it is easy to ensure, in steady state and even during speed transients in accordance with current bandwidth control, that the errors are equal to zero when the VSI can impose the four currents. Based on result in Fig. 6 , the variable f n (t) can be approximated, according to the OSF location, as a function of the first and third harmonic components by the following. 1) If T n is faulty
2) If T n+5 is faulty
Substituting these expressions into (8) and using the linear transformation (4) and (5), it is easy to define the equivalent fault quantities in α−β and x-y frames. In these frames, the obtained analytical expressions derived from (8) will help to study the open-switch fault in 5-B-PMSM system with sufficient accuracy and to define a high-performance real-time FDI process.
IV. ACCURATE FAULT VECTOR EXTRACTION
IN α f −β f FAULT REFERENCE FRAME The first choice in this paper is to consider that the FDI process will be achieved by considering only a 2-D fault vector whose trajectory analysis in a plane called "α f −β f fault reference frame" will give a convenient information for the fault diagnosis. However, from 4-D reference and measured current vectors, new 2-D variables, sensitive to fault are elaborated with a main constraint. This constraint is that the 2-D vector must be equal to zero in normal operation. Errors between 4-D reference and measured current vectors will be thus included in the 2-D fault vector.
The second choice in the elaboration of the FDI process is to consider a normalized fault vector. The reason is that the fault diagnosis algorithm must operate not only in steadystate operation but also in transient states without causing false alarms.
The proposed algorithm to achieve these goals is shown in Fig. 7 . It is used to define the α f −β f fault reference frame. In this frame, the 2-D normalized fault vector ( f α N , f β N ) is calculated. Since the proposed particular strategy makes it possible to avoid the two fundamental current harmonics propagation in α −β fault reference frame used for fault diagnosis, it guarantees the independence of the 5-B-PMSM parameters variation and the mechanical load transient states. In order to generate only the fault vector components in α−β fault reference frame, it is necessary to have the following. 1) Use the available reference currents, derived from the outer control loop that provides the reference currents to the current controllers, together with the measured phase currents. 2) Connect permanently the input reference currents i * αβ to i αβm . This particular connection involves the same current (first harmonic) at the input of the NRCB block and the NMCB block. 3) Normalize independently the reference currents and the measured ones, since they have a different dynamic behavior under fault condition, as shown in Fig. 6 . The reference and the measured currents, in α−β and x-y frames, are obtained considering the inverse Park and linear Concordia transformations, respectively. Considering Fig. 7 , the general form of all inputs of the proposed algorithm is expressed as follows.
1) For the inputs of the NRCB block
2) For the inputs of the NMCB block
where i xyref are the current components in x-y frame corresponding to the healthy state as defined in (7). i dq3_ref represents the reference current components in rotating frame d 3 -q 3 . [P(3θ)] −1 is the inverse Park transformation.i αβm and i xym denote the measured current components in α−β and x-y frames. According to the definition of the current fault components in (8) , the quantities defined in (12) can be also expressed as
where i αβref represents the current components in α−β frame corresponding to the healthy state as defined in (6) . f αβ (t) and f xy (t) are the equivalent fault components in α−β and x-y frames expressed in (14) by using (4) and (5) transformations. They are expressed by
for n = 1, 2, 3, 4, and 5. From the two fault vectors f αβ (t) and f xy (t), it is defined a unique normalized fault vector f αβ N (t). This vector is the output of the NFVB block of Fig. 7 and defines a new α f −β f fault reference frame. The two components of this normalized fault vector are defined by
where i * s and i sm denote the Concordia modulus of the reference and the measured currents, respectively. They are defined as
In order to highlight the impact of the fault occurrence on the fault vector components f αβ N (t), a new expression of (15) using only the equivalent fault quantities f αβ (t) and f xy (t) and the reference current components i xyref and i xyref is developed in the following.
Using (13), (16) and (17) can be rewritten as
Substituting (18) and (19) into (15) gives 
Based on these expressions, it is demonstrated and concluded that f α N (t), f β N (t), and A are the functions of the harmonic component amplitudes I h1 and I h3 . On the other hand, when the optimal maximum torque per ampere (MTPA) strategy is applied to the 5-B-PMSM, the current references i d1ref and i d3ref are equal to zero and the ratio of the third current harmonic component and the first one is the same as the ratio of the third back EMF harmonic and the first one [28] . As a consequence, I h3 can be expressed simply as a fraction of I h1 as follows:
Considering (21), it can be easily concluded that f α N (t) and f β N (t) depend only on the ratio ρ. This parameter can be experimentally fixed by measuring the back EMFs of the PMSM [27] , [28] in MTPA strategy. This characteristic results in a high immunity of the proposed FDI process to false alarms under mechanical transient states, since the obtained variables are independent of the current harmonic magnitudes.
For illustration purposes, Fig. 8 shows the fault vector propagation in α f −β f fault reference frame under healthy condition and when an OSF or an OPF occurs in the VSI. The obtained shapes are predicted analytically using (20) and verified experimentally. For the 5-B-PMSM under study, the torque is produced by exciting the two fictitious machines through the first and third harmonic components. Based on the proposed algorithm, there is no path for these harmonic components in α f −β f fault reference frame. However, for a healthy condition, the shape is a point in the origin of this plane, as shown in Fig. 8(a) . In contrast to this, after the fault occurrence, the fault vector in α f −β f fault reference frame describes typical shapes. Their relative positions and forms characterize the fault occurrence in original frame abcde and can be used as input variable of the FDI process. These positions can be easily predicted from the fault vector average position in α f −β f frame. Hence, as there is ten power switches in the VSI, ten average positions of the shapes can be predicted from (20) according to the faulty switch location. All these positions are summarized in Fig. 9 .
V. REAL-TIME FAULT DIAGNOSIS ALGORITHM

A. OSF and OPF Detection and Identification
In this section, the real-time FDI process is described. The flowchart of processing algorithm design is shown in Fig. 10 . First, five-phase currents i a , i b , i c , i d , and i e are measured. These currents together with the references derived from the control loops are used for accurate fault vector extraction in α f −β f fault reference frame. To ensure the independence of the proposed FDI process of the operating conditions, an independent normalization procedure is employed for the reference and measured currents, as explained in Section III. Fault detection in the VSI is achieved then by scanning α f −β f fault reference frame. It is defined by using the average value of the magnitude of the fault vector f N as follows:
A dynamic sliding window [t − T (t); T (t)] is used to improve the immunity of the algorithm against false alarms and make the method as fast as possible. T (t) is defined from the instantaneous real time measured rotor speed (t) as follows:
Under normal operating conditions, the detection variable 
Considering the analysis given in Section V, it is demonstrated that the first group, OSG, produces a half-plane shape. In this case, the variable F i (t) will be positive and exceeds the threshold M Th . As soon as this condition is satisfied, the FDI process calculates the fault vector average position in α f −β f fault reference frame over a fundamental current period, as follows:
There are ten distinct average positions of the fault vector f N (t) according to the involved faulty switch, as addressed in Fig. 9 .
On the contrary, in the case of the second group, OPG, the α f -and β f -axis fault vector f α N and f β N changes symmetrically over a fundamental period of current. In this situation, the direct and quadrature fault component average values are equal to zero. As a result, the variable F i (t) will be zero. So, to achieve a complete diagnosis, additional variables derived also from the reference and measured currents are defined as follows:
where i nN and i * nN denote the normalized quantities of the measured phase currents and the reference currents, respectively. They are given by
where i sm and i * s denote, respectively, the measured current modulus and the reference current modulus. As explained in Section III, the normalization procedure is achieved independently. The variables r nN (t) are equal to +1 under a healthy VSI. Contrariwise, they drop to zero when an openphase occurs in the VSI and become lower than the fixed threshold r Th , thus identifying the faulty phase. Table I 
B. Threshold Values Selection
In the proposed algorithm, there are three threshold values. These values must be carefully selected by taking into account several factors, such as the transient states induced by load and speed changes, the switching noises, the sensors noises, and the levels, which can be taken by the diagnostic variables for a normal operation, under an OSF or an OPF. Here, it should be noticed that all diagnostic indices are derived from normalized fault variables. Consequently, there is weak sensitivity of these indices to transient states or load and speed levels. In addition, the moving window used to compute the average values acts as a low-pass filer, resulting in weak noise effect on the proposed FDI technique.
Another particular factor concerns only the multiphase biharmonic machines, as the 5-B-PMSM under study. In this case, the torque is produced by the first and third harmonic current components. Consequently, to each operating point corresponds a fixed value of the ratio ρ defined in (21) . This parameter must be considered for threshold values selection. The threshold values used by the algorithm are obtained by simulation and verified experimentally. Here, it is given only the experimental results of the diagnostic variables dynamic according to the variation of the ratio ρ.
Experimental results shown in Fig. 11 show the diagnostic variables behavior according to the ratio ρ. Similar results can be predicted using the analytical model given in (20) . All diagnostic variables are analyzed according to operating conditions: healthy state, OSF, and OPF. Based on the obtained results, the selection of F Th is achieved by analyzing the evolution of the variable F d (t) according to the ρ ratio, as reported in Fig. 11(a) . However, under a healthy state of the VSI, the variable F d (t) is equal to zero, since there is no fault component in α f −β f fault reference frame. On the contrary, after the fault occurrence, F d (t), becomes positive. The exact value, which can be taken by this variable, varies according to parameter ρ. Hence, its minimum absolute value is equal to 0.055, regardless of the speed and load levels. Based on this result, F Th is fixed to universal value equal to 0.03, permitting a large dissymmetry between the healthy and the faulty modes of the VSI.
With similar reasoning, to select the value of the threshold M Th , the dynamic of the variable F i (t) according to the ρ ratio is considered, as reported in Fig. 11(b) . From these results, it is observed that the minimum absolute value of 0.037 corresponds to an open-switch fault in the VSI. On the contrary, under a healthy condition or an OPF, F i (t) is equal to zero. Consequently, the threshold M Th is fixed to a minimum absolute value equal to 0.02.
The threshold r Th is selected using the experimental results given in Fig. 11(c) and (d) . In these figures, it is illustrated that the diagnostic variables r nN (t) are equal to +1 for a normal operation of the VSI. On the contrary, they are close to 0.5 under an OSF, and are equal to zero for an OPF in the VSI. From these results, the threshold r Th is fixed to a universal value of 0.03, thus permitting a large dissymmetry between the healthy conditions and the faulty modes.
For selecting the threshold values, the impact of the currentcontroller bandwidth B pi and the phase impedance variations has been considered, too. For the motor under study, the typical value of the bandwidth B pi is 172 Hz. Two tests are performed for B pi equal to 86 and 344 Hz. Based on the obtained results, it is concluded that there is no impact of this parameter on the state of the diagnostic variables. Regarding the asymmetrical phase impedance variations, it is observed that the diagnostic variables undergo a light deformation but remains always near zero. Taking into account the fixed threshold values, there is no false alarms generated by the FDI process.
VI. EXPERIMENTAL RESULTS AND COMMENTS
The experimental tests are performed by using a 5-B-PMSM coupled to an industrial motion drive, which is used as an emulator to generate different load profiles. Fig. 12 shows the experimental test bench. Table II provides the parameters of the 5-B-PMSM, which have been used for the synthesis of vector control. The proposed FDI process and the vector control algorithm are implemented in a dSPACE DS 1006 controller board with an execution step time of 40 μs. The PWM-VSI has a switching frequency of 15 kHz.
Experimental tests investigate motor behaviors and FDI process robustness for a healthy state and during OSF and OPF occurring in the VSI. The discussion of the obtained results is addressed in the next sections.
A. FDI Robustness and Immunity to Load and Speed Change
The experimental results, reported in Fig. 13 , show the fault vector components in α f −β f fault reference frame under a healthy VSI. In this test, a change of the motor speed or the load torque is applied to the 5-B-PMSM. Fig. 14 provides the time-domain waveforms of the motor speed, the phase currents, and the variables used for fault diagnosis in the VSI. In this evaluation, a fast transient process is conducted by a step of speed from 10 to 50 rad/s. The load torque is set equal to 10 N·m. Regarding the α f −β f plane (Fig. 13) , it is observed that the trajectory built by the fault vector components in this frame is always closed to zero. The observed low magnitudes are only due to the switching and measurement noises and cannot have an impact on the robustness of the FDI process. Fig. 14 demonstrates that the diagnostic variables are always within the bands that correspond to a healthy operation mode of the VSI and no false alarms are issued by this transient. These results confirm the high performance and robustness of the proposed FDI under speed change. Fig. 15 provides the experimental results when the 5-B-PMSM operates at a mechanical rotor speed equal to 50 rad/s. The transient states consist in applying to the PMSM two-step transitions of the load torque from 2 to 20 N · m, and then from 20 to 2 N · m. Regarding the α f −β f fault reference frame, it is observed that the shape built by the fault vector cannot be changed by this variation of torque. In addition, as mentioned in section IV, in α f −β f fault reference frame, there is no path of the first and third current harmonic components. This characteristic is justified when considering Fig. 13 , since the fault vector is always equal to zero under a healthy operation mode. As for the diagnostic variables, even though transient states are observed, they are always within the bands that correspond to a healthy operation mode of the VSI. Once more, the obtained results confirm the high performance and robustness of the proposed FDI under load change.
As in [29] , the proposed algorithm in this paper is based on current signature analysis. Consequently, when closed-loop control systems are used, the current-controller bandwidth can attenuate the effect of certain faults and the disturbance on the diagnostic variables. This problem is especially observed when the diagnostic indicators are derived from the frequency components analysis, as in [29] . Fortunately, the proposed FDI process in this paper is based principally on timedomain analysis of normalized fault signals, resulting in a weak modification of the shape built by the fault vector in α f −β f fault reference frame. As mentioned in Section V-B, the proposed algorithm is evaluated for several values of the current-controller bandwidth B pi and the obtained results confirm its independence from the variation of B pi . Similar results are obtained in the case of unbalanced supply or impedance phase variation.
B. Faulty Operation of the VSI and FDI Effectiveness
To further examine the practicality of the proposed method, several tests are performed under fault conditions. The first test is conducted when the fault occurs in phase a, resulting from an open-switch fault of MOSFET T1. In this test, the motor speed and the load torque are fixed, respectively, at = 50 rd/s and T em = 20 N · m. Here, it should be noted that the ratio ρ is fixed at 10%. However, only 12.2% of the torque is produced by a third harmonic component. The measured shape in α f − β f fault reference frame is reported in Fig. 16(a) . The time-domain waveforms of the phase currents and the diagnostic variables behavior are reported in Fig. 17 . First, the 5-B-PMSM operates free of any fault, which results in no fault components in α f −β f fault reference frame. As for the diagnostic variables, they vary within the band that corresponds to the healthy state of the VSI. At t = 0.323 s, an open-circuit fault is introduced into the transistor T1 of the first inverter leg, by permanently keeping its switching signal in "OFF" state. As a result, current i a immediately reaches zero and is now limited to only flow in the negative direction, while other currents (i b , i c , i d , and i e ) undergo a light deformation and flow in negative and positive directions. In α f −β f fault reference frame, a particular shape is built by the fault vector, as reported in Fig. 16(a) . As analyzed in the theoretical part of this paper, this shape effectively characterizes the fault occurrence in T1. As for the variable F d (t), it is observed that it increases immediately and exceeds the threshold F Th = 0.03 corresponding to the faulty operation mode of the VSI. As a consequence, a fast fault detection is achieved at t = 0.3245 s, taking a time delay equal to almost 10% of the fundamental current period. The variable F i (t) is immediately observed to exceed the threshold M Th = 0.02. As both F d (t) and F i (t) exceed their relative thresholds, the proposed algorithm makes the decision that the fault mode is an open-switch fault. However, the next step, in the diagnosis algorithm, is also achieved by using the information derived from the fault vector average position in α f −β f fault reference frame. It uses the variable P f nN which remains around zero in the band [±10°], thus indicating that the fault is in MOSFET T1 at t = 0.325 s. As for the variables r nN (t), even though a light deformation is observed, they are within the level that does not correspond to any open-phase fault in the VSI (r nN (t) > 0.3). The state of these variables together with F d (t) and F i (t) successfully indicates that the fault has occurred in transistor T1.
Considering now an open-phase fault involving two transistors in the same inverter leg (T2 and T7). Fig. 18 presents the experimental results of the output-inverter currents together with the variables used for FDI in the VSI. However, the motor speed and the load torque are, respectively, fixed at = 25 rd/s and T em = 10 N · m. The ratio ρ is fixed at 122%. The fault is introduced into the second inverter leg b at t = 0577 s, by keeping the switching signals of both transistors T2 and T7 simultaneously in "OFF" state. In this case, current i b becomes equal to zero over the whole current cycle. Consequently, in α f −β f fault reference frame, the fault vector describes a symmetrical shape corresponding to the open-circuit fault of phase b [ Fig. 16(b) ]. As soon as the fault occurs, the variable F d (t) exceeds the threshold F Th , thus permitting a fast detection of the faulty state of the VSI at t = 0.58 s. As the shape built by the fault vector in α f −β f frame is symmetric, the variable F i (t) undergoes a light deformation and remains near zero without exceeding the threshold M Th = 0.02. By using the fact that the normalized variable r bN (t) crosses a threshold r Th = 0.3 and now equals zero, the diagnostic algorithm makes a decision that the fault is an open-phase involving the second inverter leg b. As a result, the open-phase fault identification is achieved at t = 0.597 s.
VII. CONCLUSION
In this paper, a signal-based FDI process is proposed for inverter OSF and OPF real-time diagnosis in 5-B-PMSM. Only the available current sensors are used and no-additional extra hardware is required. The proposed FDI process is based on the characteristics offered by the phase currents representation in α−β and x-y frames. By using an innovative algorithm, a 2-D fault vector is defined and it is projected in a α f −β f fault reference frame dedicated only for fault diagnosis. In such a frame, the 2-D fault vector is equal to zero under a healthy condition. On the contrary, for a faulty mode, it describes a nonzero trajectory characterizing only the openswitch faults in the VSI. The diagnostic signals are formulated on the basis of the defined frame and other variables derived from the reference and measured currents. To ensure the high immunity of the FDI process against transient states, an independent normalization procedure is employed for the reference and measured currents.
Experimental results prove the high performance of the proposed method for all operating conditions. In addition, fast FDI is achieved over almost 10% of the fundamental current cycle. The proposed FDI process can be applied to the sinusoidal and biharmonic 5-PMSM like the system under study.
